Abstract Exiguobacterium acetylicum strain 1P (MTCC 8707) is a gram-positive, rod-shaped, yellow pigmented bacterium isolated from soil on nutrient agar plates at 4°C. The identity of the bacterium was arrived on the basis of the biochemical characterization, BIOLOG sugar utilization pattern and sequencing of the 16S rRNA gene. It grew at temperatures ranging from 4 to 42°C, with temperature optima at 30°C. It expressed multiple plant growth promotion attributes such as phosphate solubilization, indole acetic acid (IAA), siderophore and hydrogen cyanide (HCN) production, differentially at suboptimal growth temperatures (15 and 4°C). At 15°C it solubilized phosphate (21.1 μg of P ml -1 day -1 ), and produced IAA (14.9 μg ml -1 day -1 ) in tryptophan amended media. Qualitative detection of siderophore production and HCN were possible at 15°C. At 4°C it retained all the plant growth promotion attributes. Seed bacterization with the isolate, positively infl uenced the growth and nutrient uptake parameters of wheat seedlings in glass house studies at suboptimal cold growing temperatures.
Introduction
The current trends in agriculture which focus on the reduction of chemical pesticides and inorganic fertilizers have prompted the search for alternatives that sustain agricultural outputs and environmental quality [1] . An important means of achieving this is through the use of microbial inoculants that have a bearing on soil health and plant growth promotion. Bacteria that have a benefi cial effect on plant growth and development are referred to as plant growth promoting bacteria (PGPB) [2] . Such strains usually stimulate plant growth either by nitrogen fi xation [3] , solubilization of nutrients [4] , production of growth hormones, or through biological control mechanisms such as siderophore production, chitinase activity, antibiotics and cyanide production [5] [6] [7] [8] . Though the benefi cial effects of inoculation of such PGPB have been well documented at several locations, there is an urgent need to evolve location specifi c strains that are able to positively infl uence plant growth in prevailing soil and edaphic conditions.
In recent years, growing attention in research has been devoted to cold-adapted microorganisms. These microbes successfully colonize cold habitats, which compose more than 80% of the earth's biosphere, and play a major role in the processes of nutrient turnover at low temperatures [9] . Among the different cold tolerant bacterial genera that have been explored, the genus Exiguobacterium is emerging as a bacterium with an impressive diversity in its geographic distribution. In addition to the diverse origins of the type strain, Exiguobacterium has been isolated from the Siberian permafrost environment [10] , a glacial ice core sample in Greenland [11] , the stem of potato in Austria [12] , and hot springs in Yellowstone National Park [13] . The species Exiguobacterium oxidotolerans has been described as a novel alkaliphile with high catalase activity [14] .
In the state of Uttarakhand in the N.W. Indian Himalayas, the mean minimum temperature during the winter months varies from 3.5°C to subzero levels depending on the geographical location. Snowfall is quite common in the upper region and the ground remains frozen for varying periods. Due to this the mean soil temperature ranges from 2 to 10°C. Moreover the soils of hilly regions of Uttarakhand state are generally acidic in reaction, with low native P and high phosphorus fi xing capacity, leading to low productivity of major crops [15] . Considering the unique ecological and edaphic features of the hill and mountain agro-ecosystem, it is most evident that the benefi ts of microbial inoculation would be realized only when locally adapted strains are used as bioinoculants. In this context, we report the isolation characterization and phylogenetic analysis of a cold tolerant Exiguobacterium acetylicum strain 1P, from a high altitude soil in the Uttarakhand Himalayas, and its effect on the growth of wheat seedling under cold temperature conditions.
Materials and methods

Strain isolation and maintenance
The rhizospheric soil used for isolation was collected from an altitude of 2200 m above mean sea level in Almora district (29°36′N and 79°40′E), of Uttarakhand state, in the N.W. Indian Himalayan Region. The vegetation of the location was predominantly of apple (Malus domestica), with no obvious soil management, the soil characteristics were pH 6.0, available N (369.9 kg ha -1 ), available P (14.6 kg ha -1 ), available K (189 kg ha -1 ), organic carbon (0.28 %). The processed soil sample was serially diluted (10,000 fold), spread plated on full strength nutrient agar and incubated at 4°C for 48 h. At the end of the incubation period, two bacterial colonies with distinct colony morphologies were recovered on the incubation plates. The isolated colonies were purifi ed by streaking on nutrient agar. Gram staining revealed that one culture was gram-positive while the other culture was gram-negative. The cultures were initially screened for their plant growth promotion traits (phosphate solubilization, siderophore and indole acetic acid (IAA) production at 15°C). Based on the preliminary results, the gram-positive culture was chosen for intensive study.
Growth, identifi cation and characterization of the bacterial isolate
Preliminary morphological and physiological characterization was carried out as per standard methodologies [16] .
The observation that the isolate grew at temperatures ranging from 4 to 42°C, prompted us to determine its plant growth promoting abilities at cold temperatures. A growth curve of the isolate was drawn at three temperatures viz., 4, 15 and 30°C, by inoculating 1ml of the exponential culture (3x10 8 cells ml -1 ) in 100 ml of nutrient broth (initial population log 6 cells ml -1 ), and determining the cell population at 2 h intervals. The population values were log transformed and plotted against time. Sequencing of the 16S ribosomal RNA gene and determination of the BIOLOG sugar utilization pattern were performed at Institute of Microbial Technology (IMTECH), Chandigarh. The universal eubacterial primer 27f (5'-GAGAGTTTGATCCTGGCTCAG-3'), was used for partial sequencing (448 bp fragment) of the 16S rRNA gene. The gene sequence was subjected to a similarity search using the BLAST algorithm [17] . Nucleotide sequences were aligned using the CLUSTAL X 1.81 algorithm [18] . Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 3.1 [19] . The phylogenetic tree was constructed by the neighbor-joining method [20] using the distance matrix from the alignment. Distances were calculated using the Kimura method [21] . The GenBank accession number of the isolate is EF596775. The cell culture of the isolate has been deposited in the Microbial Type Culture Collection (MTCC), Chandigarh, India.
Quantitative estimation of phosphate solubilization and IAA production
Quantitative estimation of tricalcium phosphate (TCP) solubilization and IAA production were carried out at three different incubation temperatures viz., 4, 15 and 30°C. Quantitative estimation of phosphate solubilization was determined in NBRIP broth [22] , by inoculating 1ml of bacterial suspension (3 × 10 7 cells ml -1 ) in 50 ml of NBRIP broth in Erlenmeyer fl asks (150 ml), and incubating the fl asks for 7d. At the end of the incubation period, the cell suspension was centrifuged at 10000 rpm for 10 min. The P content in the supernatant was spectrophotometrically estimated by the ascorbic acid method [23] . Estimation of IAA was done by inoculation of 200 μl of bacterial suspension (3 × 10 7 cells ml -1 ) in 10 ml Luria Bertani (LB) broth amended with Ltryptophan (100 μg ml -1 ), and incubating it for a period of 48 h. The IAA content in the culture suspension was estimated by the standard colorimetric procedure [24] .
Qualitative estimation for siderophore production and HCN production
Siderophore and hydrogen cyanide (HCN) production by the isolate were estimated qualitatively, at three different incubation temperatures viz., 4, 15 and 30°C. Siderophore production was detected by the Chrome Azurol-S (CAS) assay [25] , and the diameter of the clearing zone was rated visually. HCN production was inferred by the qualitative method [26] . The change in the color of the fi lter paper dipped in 0.05% picric acid prepared in 2% sodium carbonate, from yellow to dark brown was rated visually depending on the intensity of the color change.
Plant growth promotion assay
The plant growth promotion ability of the isolate was assessed using wheat seedlings (cv. VL 802) in non-sterile soil under glass house conditions. Seed bacterization was performed as per standard procedure [27] , by soaking surface sterilized seeds in a culture suspension of the bacterium (10 8 cfu ml -1 ) for 15 min and coating with a charcoal based inoculant of the bacterium (10 6 cfu g -1
). Control seeds were soaked in sterile uninoculated medium and coated with sterile charcoal. Control seeds were treated with sterile uninoculated medium and coated with sterile charcoal. Seeds were sown in plastic pots (15 cm diameter) containing 2 kg of non-sterile soil, and placed in a temperature controlled growth chamber at 22 ± 1°C for 42 d. The mean soil temperature recorded during the experimental period was 18 ± 0.5°C. Thinning of seedlings was done 7 d after sowing and two seedlings per pot were maintained throughout the experimental period. The soil was moistened to 60% of its water holding capacity. The treatments were arranged in a completely randomized design with ten replications. At the end of the experimental period, plants were uprooted, washed under running water and root and shoot lengths were measured. The plant biomass was dried at a constant temperature of 65°C and dry weights were recorded. The oven dried samples were ground to pass through a 0.2 mm sieve for estimation of N content in a CHN analyzer (CHN-O -Rapid Foss Heareus). The P content was estimated by the ammonium molybdate method [28] and the K content by fl ame photometry [29] .The nutrient uptake was calculated from the respective nutrient contents. Statistical analysis was performed with the SPSS package; version 2.2 and treatment means were compared at 5% level of significance [30] .
Results and discussion
The isolate was gram-positive, and appeared as small rods with scattered arrangement. Raised, circular, white colonies (1-5 mm in diameter) appeared on nutrient agar. The colonies turned yellow and later orange on aging. The biochemical properties of the isolate are presented in Table 1 . The bacterium was able to tolerate salt concentrations upto 8% and grew at temperatures ranging from 4 to 42°C. Positive BIOLOG sources were β-cyclodextrin, dextrin, glycogen, tween The growth pattern of the isolate recorded at three different incubation temperatures is graphically represented in (Fig. 1) . The growth curves clearly showed that the isolate grew at three different incubation temperatures and attained exponential growth at 15 and 4°C when incubated for 24 h. The 16S rRNA gene sequence had 98% similarity with sequences of Exiguobacterium acetylicum available in the public database. The phylogenetic analysis (Fig. 2) revealed that it formed a close cluster with the type strain Exiguobacterium acetylicum DSM 20416, where as it was distant Table 1 Morphological, biochemical and physiological characteristics of Exiguobacterium acetylicum 1P
Morphological characteristics
Colony characteristics: Medium sized circular, slightly raised, yellow pigmented, smooth colonies of 4-6 mm diameter on nutrient agar at 15°C after 3-4 days incubation
Cell features: Gram-positive, short rods with scattered arrangement of cells ) in tryptophan amended media. Qualitative detection of siderophore production and HCN were possible at 15°C. At 4°C, the lower temperature extreme for its growth, the isolate solubilized phosphate (1.5 μg of P ml -1 day -1
Biochemical properties
), and produced IAA (10.4 μg ml -1 day -1 ), besides producing siderophore and HCN.
The plant growth promotion ability of the cold tolerant Exiguobacterium acetylicum strain 1P was determined under non-sterile soil conditions at cold temperatures. Bacterized wheat seedlings recorded 16.54 and 8.16% higher root and shoot lengths respectively, compared to uninoculated control (Table 3) . A corresponding increase in the root and shoot biomass was also observed in bacterized seedlings. Seed bacterization resulted in greater enhancement of the root growth, as compared to the shoot growth. An additional manifestation of the plant growth promotion was the increased nutrient uptake observed in the bacterized plants. An increase of 51.9, 38.5 and 45.4% in the uptake of N, P and K respectively was recorded in the bacterized plants over the uninoculated controls.
The alpine and subalpine regions of the N.W. Indian Himalayan region are known to be a rich source of microbial diversity, and several novel cold tolerant bacterial species have been isolated from this region [31] . Though Exiguobacterium acetylicum has been widely studied for its extremophilic nature and enzyme production abilities, its plant growth promotion potential, especially under suboptimal temperatures was not known earlier. Considering the fact that this strain was isolated at 4°C, and grew at temperatures ranging from 4 to 42°C, it would be appropriate to call it as a cold tolerant plant growth promoting strain.
Bacterial plant growth promotion is a well established and complex phenomenon that is often achieved by the activities of more than one plant growth promoting trait exhibited by the associated bacterium [32] . Most studies have quantifi ed bacterial plant growth promotion as an incremental increase in plant biomass over the uninoculated controls [33] . Alternately, an increase in nutrient uptake as a result of bacterization has been demonstrated in this study. Though our strain possessed multiple plant growth promotion traits, we would attribute the increased nutrient uptake by bacterized seedlings mainly to auxin production by the bacterium, which is known to stimulate root growth, thereby facilitating an increased uptake of nutrients from the soil. An earlier observation by Khalid et al. [34] , who observed a linear positive correlation between in vitro auxin production and increase in early growth parameters of inoculated wheat seeds, is in support of the present results. Another possible factor is the enhanced availability of soluble P in the rhizospheric region, as a result of the P solubilization by the bacterium. The role of the siderophores produced by this bacterium and their role in disease suppression and iron nutrition of wheat seedlings is a researchable issue.
HCN production by rhizospheric bacteria has been variably viewed, while it is considered benefi cial from the biocontrol point of view, it is considered detrimental due to its interference with the cytochrome P 450 system, of certain plants [35] . In this study, seed bacterization did not have a detrimental effect on plant growth and development. HCN resistance in certain plants has been attributed to the presence of a cyanide resistant respiratory pathway [36] . Cyanogenesis by rhizospheric bacteria has been proposed as a major means of control of the take all disease of wheat caused by the fungal pathogen Gaeumannomyces graminis var tritici, while simultaneously promoting wheat root growth [37] . In a separate study we observed that this isolate was antagonistic to the growth and development of several plant pathogenic fungi under in vitro conditions (data not shown). The biological control potential of this isolate as a result of cyanogenesis is to be explored further. The North Western Indian Himalayas present a virgin opportunity for exploration and characterization of cold tolerant microorganisms, due to the unique ecological niche of the region that includes glaciers, alpine and subalpine regions. We had earlier reported the occurrence of cold tolerant plant growth promoting strains of Pantoea dispersa and Serratia marcescens from this region [38, 39] . With increasing awareness about the perils of chemical fertilizer based agricultural practices, it is imperative to scout such pristine environments for benefi cial microbial strains. These strains would ideally retain their plant growth promotion traits at cold temperature conditions. In this context we propose that this cold adapted strain of Exiguobacterium acetylicum, needs to be explored further for its plant growth promotion ability under fi eld conditions. Values are the mean of ten replicates. Data were analyzed using one way analysis of variance and treatment means were compared at 5% level of signifi cance. Each pot contained two kg of non-sterile soil and two 42 d old wheat seedlings.
